The existence of majority of bacteria in biofilm mode makes it difficult to eradicate them as antibiotics at much higher concentrations than the MICs are required to destroy these bacteria. This study investigated the effect of different classes of antibiotics on different phases of biofilm formed by Klebsiella pneumoniae. The organism was grown in different phases relevant to biofilm formation: planktonic cells at mid-log phase, planktonic cells at stationary phase, adherent monolayers and mature biofilms and their susceptibility to different classes of antibiotics was assessed. The results showed that planktonic organisms were susceptible to ciprofloxacin, amikacin and piperacillin, and their MBC values were same or eight times higher than their corresponding MICs. MBC of ciprofloxacin and amikacin was found to be four and eight times higher for monolayer than planktonic cells. On the other hand, MBC of piperacillin was 41024 lg ml À1 . K. pneumoniae in a biofilm growth mode was more resistant to antibiotics than all other modes. The effect of amikacin and ciprofloxacin on young and older biofilms, at the highest achievable serum concentrations, was also examined. It was observed that amikacin at a concentration of 40 lg ml À1 was able to eradicate the young biofilms; however, with increase in the age of the biofilm, it became completely ineffective. Calcofluor staining suggested increased production of exopolysaccharide in older biofilm compared with younger biofim that might be responsible for the increased resistance of older biofilm of K. pneumoniae to antibiotics.
INTRODUCTION
Klebsiella pneumoniae is an opportunistic pathogen that is commonly associated with urinary tract infections (UTI), pneumonia, septicemia and wound infections. K. pneumoniae forms biofilm on indwelling plastic devices, such as catheters and endotracheal tubing, and subsequently colonize human tissue. One of the early stages of K. pneumoniae airway infections may also involve biofilm formation. 1 The capsule and fimbriae are prominent structural components of the K. pneumoniae cell surface and have a significant role in biofilm formation. The mature biofilm thus formed is believed to cause chronic infections. Over 60% of bacterial infections and up to 80% of chronic infections are currently considered to involve microbial growth in biofilms. 2 The increased antibiotic resistance of biofilm cells can be up to 1000-fold greater than for free-living, planktonic bacterial cells. 3 Resistance to antimicrobials can be attributed to several factors such as permeability barrier imposed by the aggregative biopolymers that hold the biofilm together 4 and the existence of microbial cells in stationary phase. 5 Biofilm age is also known to influence the outcome of a therapeutic regimen.
For chronic biofilm infections, no regimens for antibiotics have been established because the susceptibility of bacteria growing in biofilms differs markedly from planktonic cells in the same environment. Thus, killing dose of an antibiotic determined by Clinical and Laboratory Standards Institute method for planktonic bacteria has no effect on bacteria contained within a biofilm, even though cells shed from the biofilm may be eradicated. 6 The biofilm MIC can be used to prevent febrile phase of infections by inhibiting planktonic cells released from biofilms. 6, 7 MIC for planktonic bacteria may or may not be similar to biofilm MIC, which depends on the class of antibiotics. [6] [7] [8] The minimum biofilm eradication concentration, which targets complete bacterial killing, would be more meaningful than the biofilm MIC to prevent chronic phase of biofilm infections, which are characterized by less active dispersal. 3, 6 The minimum biofilm eradication concentration is impractical to achieve when conventional antibiotics are used in vitro, 9,10 but the biofilm MBC, which targets 99.9% killing of biofilm-grown bacteria, may be achievable.
To our knowledge, no information is available about the comparative study where the effect of different classes of antibiotics has been studied on different phases of biofilm formation (planktonic cells at mid-log phase, planktonic cells at stationary phase, adherent monolayers and mature biofilms) by K. pneumoniae. In this study, the effect of antibiotics at peak serum achievable concentrations was studied on different phases of biofilm formed by K. pneumoniae.
MATERIALS AND METHODS

Bacterial strain and media
Klebsiella pneumoniae B5055 (O1:K2) obtained originally from Dr M Trautman (Department of Medical Microbiology and Hygiene, University of Ulm, UIm, Germany) was used in this study. All antimicrobial susceptibility experiments were performed in soyabean casein digest medium. Growth media and antibiotics were purchased from HiMedia Laboratories (Mumbai, India). Nutrient agar was used as the culture medium for K. pneumoniae and bacterial dilutions were made in sterile 0.85% normal saline (NS).
Antibiotics
Piperacillin, amikacin sulfate and ciprofloxacin hydrochloride representing members of b-lactam, aminoglycoside and fluoroquinolone classes, respectively, purchased from HiMedia Laboratories was used.
Development of adherent monolayers
Bacterial cultures of adherent monolayers were established by the modified method of Miyake et al. 11 Briefly, wells of microtiter plate were inoculated with 50 ml of soyabean casein digest medium and 50ml of bacterial culture (OD 600 ¼ 0.3) equivalent to 10 8 CFU ml À1 of K. pneumoniae and incubated at 37 1C for 1 h. After incubation, planktonic bacteria in the fluid were removed and wells were washed thoroughly three times with NS. Adherent monolayers formed on the well surface was scraped using a sterile spatula. Scraped biofilm was suspended in 100 ml NS and vortexed three times for 1 min each. Bacterial load of scraped biofilm was determined by the drop plate method.
Biofilm development
K. pneumoniae biofilm was grown in 96-well microtiter plate by a modification of an established method of Bedi et al. 12 Briefly, wells of microtiter plate were inoculated with 50 ml of soyabean casein digest medium and 50 ml of bacterial culture (OD 600 ¼ 0.3) equivalent to 10 8 CFU ml À1 of K. pneumoniae and incubated at 371C overnight. In each test, control wells containing sterile nutrient broth were included as plate sterility control. After incubation, planktonic cells in the fluid were removed and wells were washed thoroughly three times with NS. The biofilm matrix was then scraped with a sterile pipette tip, suspended in NS and vortexed for 3 min. Microbial load of biofilm was enumerated by viable cell counting.
For the establishment of 7-day old biofilm, spent medium was replaced with fresh sterile nutrient broth in rest of the wells and plate was reincubated at 37 1C overnight. Media in each well were replaced every 24 h until the seventh day of the experiment. Every day, wells were stained with 0.1% crystal violet for 10 min. Following the staining step, the colorant was discarded and the wells were rinsed three times with NS to remove excess stain. Then, the dye incorporated by the biofilm or present in the control wells was solubilized in absolute ethanol. The OD of the stained biofilm and control wells was read at 595 nm using enzyme-linked immunosorbent assay reader (BIORAD iMark Microplate Reader, Bio-Rad Laboratories, Inc., Hercules, CA, USA). Microbial load of the biofilm was also enumerated every day by viable cell count till 7 days.
Biofilm was also developed on glass coverslips (18 mm Â 18 mm; 0.08-0.12 mm; Corning Glass, Corning, NY, USA). Biofilm on glass coverslips was grown by the Tip-box batch culture method of Hughes et al. 13 Biofilms were allowed to grow at air-liquid interface. Tip-box mounted coverslips and the nutrient broth were sterilized separately. A measure of 100 ml of bacterial culture (10 8 CFU ml À1 ) was added to the broth, which was then poured into the tip box. The whole setup was incubated at 37 1C. The desired number of coverslips were removed and used. Spent growth medium in the culture box was replaced every 24 h.
Colony biofilms of K. pneumoniae were grown on black, polycarbonate disc (EMD Millipore Corporation, Billerica, MA, USA) according to the method described by Anderl et al. 14 with modifications. Briefly, culture of K. pneumoniae was grown overnight in nutrient broth at 37 1C and diluted to an OD (600 nm, 1-cm path length) of 0.300 in normal saline. A measure of 10 ml of diluted planktonic culture was used to inoculate individual sterile, black, polycarbonate membrane filters (diameter, 47 mm; pore size, 0.2 mm) resting on agar culture medium. The membranes were sterilized by UV exposure (15 min per side) before inoculation. The plates were inverted and incubated at 37 1C till 7 days, with the membrane-supported biofilms transferred to fresh culture medium every 24 h. The morphology and diameter of colony biofilm was recorded till 7 days.
Susceptibility tests
MIC of planktonic cells at mid-log phase. The MIC of the planktonic cells was determined in accordance with Clinical and Laboratory Standards Institute (formerly NCCLS) guidelines. 15 Antibiotics were used at a concentration range of 1024-0.062 mg À1 . The highest dilution of the antibiotic showing visible inhibition of bacterial growth after overnight incubation at 371C was taken as the MIC of the drug.
MBC of planktonic cells at mid-log phase. The MBC of the antibiotics against planktonic bacteria at mid-log phase was determined by plating the contents of the tubes containing MICs and higher concentrations of the antibiotics on nutrient agar and incubated at 37 1C for 24 h. Before plating, the bacteria in antibiotic-treated and control tube were pelleted by centrifugation at 10 000 r.p.m. for 10 min, washed two times with NS and finally suspended in 1 ml NS. The resulting cell suspension was serially diluted, and the viable count was enumerated by drop plating. 16 MIC of adherent monolayer. To examine the MIC of single antibiotic for adherent monolayer, 100 ml volume of twofold serial dilutions of antibiotics, ranging from 1024 to 0.062 mg ml À1 , in Tryptose Soy Broth were added to microwells with established adherent monolayer. Plates were incubated at 37 1C overnight. MIC of adherent monolayer was defined as the lowest concentration of antibiotics that prevented the appearance of visible turbidity after overnight exposure.
MBC of adherent monolayer. For the determination of MBC, the contents of the wells containing MICs and higher concentrations of the antibiotics were removed. To the emptied wells, 100 ml NS was added and contents were aspirated using a micropipette to remove any loosely bound bacteria. The procedure of washing was repeated three times and cells adhered to the well surface was scraped using a sterile spatula. Scraped biofilm was suspended in 100 ml NS. Suspended biofilm was vortexed three times for 1 min each. Viable cell count was estimated by plating appropriate dilutions onto nutrient agar. The log reduction for adherent monolayers was calculated by dividing the pre-determined viable count in the untreated wells by the viable counts in individual wells after antibiotic exposure. The monolayer MBC was defined as the lowest concentration of antibiotic that reduced bacterial numbers by 3 logs.
MIC of biofilm-grown bacteria. MIC of antibiotic at stationary phase could not be tested by standard procedure because of high cell density of bacteria in the overnight culture. The method of Ceri et al. 6 was used to determine MIC of biofilm-grown bacteria. Biofilm established in 96-well microplate was exposed to 100 ml of twofold serial dilutions of antibiotics ranging from 1024 to 0.062 mg ml À1 in Tryptose Soy Broth. The microplate was then incubated at 37 1C for 24 h. After overnight challenge, the supernatant from each well was carefully transferred to the wells in a new 96-well microplate without disturbing the biofilm, and the turbidity of the contents was visually assessed. The biofilm MIC was defined as the lowest concentration of antibiotic at which no visible growth was observed. When exposed to antibiotics at or above this concentration, the biofilm shed bacteria showed susceptibility to antibiotic.
MBC of biofilm cells. MBCs of the biofilm bacteria were also assessed on the basis of reduction in viable counts after overnight exposure to antibiotics. The viable bacteria remaining in biofilm in wells containing MICs or higher concentrations of antibiotic were counted by plating on nutrient agar and incubated at 37 1C for 24 h. MBC of biofilm was calculated by dividing the predetermined viable count of untreated biofilm by viable counts obtained after antibiotic exposure. Effect of antibiotics on preformed biofilms. As the maximum clinically achievable concentrations of amikacin and ciprofloxacin are 40 and 4.5 mg ml À1 , respectively 18 (intravenously), the concentrations used in the susceptibility assay were 20, 40, 60 and 80 mg ml À1 for amikacin and 2, 4, 6 and 8 mg ml À1 for ciprofloxacin. The microtiter plates were incubated at 37 1C for 7 days. The control biofilms and antibiotic-treated biofilms were sampled every 24 h and viable bacteria were enumerated by drop plating. 16 Experiments were performed in duplicate.
Evaluation of polysaccharide matrix. The polysaccharide component of the biofilm formed on the coverslip was stained for 15 min in dark using calcofluor staining solution (300 mg ml À1 ; Sigma-Aldrich Chemicals, St Louis, MO, USA) and coverslips were observed under fluorescent microscope (Olympus America Inc., Center Valley, PA, USA).
Scanning electron microscopy of colony biofilm. Colony biofilm was examined by scanning electron microscopy (SEM) according to the method of Yasuda et al. 19 with modifications. Briefly, the colony biofilms were fixed with 2.5% glutaraldehyde (pH 7.2) at room temperature for 1 h, washed three times in the rinsing buffer (Sorensen's phosphate buffer (0.1 mol l À1 , pH 7.2)þ 7% sucrose) at 4 1C for 15 min each, and fixed with 1% osmium tetraoxide at 4 1C for 30 min. This was followed by three washings in rinsing buffer at 4 1C for 15 min each and dehydration of the biofilms in a series of ethanol solutions (50%, 10 min; 70%, 10 min; 80%, 15 min; 90%, 15 min; and 100%, 20 min). The specimens were then critical point dried, coated with gold and observed under SEM (Jeol JSM-6100, JEOL Ltd., Tokyo, Japan).
Statistical analysis
All the experiments were performed in duplicate and repeated at least three times. The mean and s.d. were calculated from the results. The bacterial count was converted to log 10 . The effect of different treatments on biofilm eradication was evaluated by two-way analysis of variance and Student's t-test and Po0.01 was considered significant. Figure 1 shows the quantitative results (mean±s.d. OD 595 ) of crystal violet staining of biofilm formed by K. pneumoniae. It showed an increase in biofilm formation, with a peak on the fifth day of incubation, after which the biofilm formation decreased progressively.
RESULTS
Biofilm formation
The results of this semiquantitative method were also confirmed by biomass quantification.
Antimicrobial susceptibilities of K. pneumoniae grown in different modes
Comparison of adherent monolayers with planktonic cultures at mid-log phase. There were no significant differences in antibiotic susceptibility pattern of planktonic cells at mid-log phase and adherent monolayers as determined by MIC. However, MBC of amikacin was found to be eight times higher for monolayer grown K. pneumoniae than planktonic cells. The MBC of piperacillin was 41024 mg ml À1 for adherent monolayers, which is well beyond the highest achievable serum concentrations (Table 1) .
Biofilms compared with planktonic cultures at mid-log phase and adherent monolayers. Differences in susceptibilities of biofilm-grown cells and planktonic cells at mid-log phase were antibiotic dependent. The MICs of amikacin and ciprofloxacin for biofilm cells were found to be two and four times higher than that of log planktonic cells. However, the MIC of cell wall active antibiotic was significantly higher for biofilm cells than for planktonic cells at mid-log phase; that is, eight times for piperacillin. The MBCs of all the antibiotics were significantly higher for biofilm cells than planktonic cells at mid-log phase. Adherent monolayers showed similar trend as was seen with log planktonic cultures.
Biofilms compared with planktonic cultures at stationary phase. The MBC of piperacillin was above the upper limit of detection (X1024 mg ml À1 ) when checked against planktonic cells at stationary phase or in biofilm mode. There was no significant difference in MBCs of amikacin and ciprofloxacin between biofilms and planktonic cultures at stationary phase.
Dose-dependent effect of antibiotics on preformed biofilm. The effect of amikacin and ciprofloxacin on preformed biofilm was studied and the results are presented in Figures 2 and 3 . Two-way analysis of variance showed that amikacin and ciprofloxacin were most effective at 40 and 6 mg ml À1 , respectively. Treatment of biofilm using amikacin at 40 mg ml À1 and ciprofloxacin at 6 mg ml À1 led to significant reduction of 2.02 and 2.18 logs in the bacterial count (Po0.01). This effect was uniformly seen in 1-to 4-day-old biofilms, indicating that amikacin was effective against younger biofilm at 40 mg ml À1 , which is also the highest achievable serum concentration. Similarly, ciprofloxacin showed effectiveness for young biofilm at 6 mg ml -1 , which is more than the achievable concentration (4.5 mg ml À1 ) in the Comparison of antibiotic susceptibility of bacteria S Singla et al serum. Both antibiotics were ineffective against older biofilm (that is, fifth day onwards) as insignificant reduction in the log bacterial count (P40.01); that is, 0.28 and 0.59 for ciprofloxacin and amikacin, respectively, was seen, even at concentrations two times the highest achievable serum concentration.
Microscopic analysis of biofilms on coverslips. The biofilm stained with calcofluor white revealed slime production both in young and old biofilms (Figure 4) . However, comparison of Figures 4a and b indicates that bacteria in older biofilms were more heavily encased in extracellular polysaccharide matrix than bacteria in young biofilm.
Morphological characteristics of biofilm. Both horizontal and vertical development of biofilm was observed during a 7-day period. There was significant increase in diameter of colony biofilm from 5 to 14 mm over a period of 7 days forming thick bacterial masses. Figure 5 clearly shows the change in colony diameter and colony morphology with increase in biofilm age. Young biofilm was flat with depression in the center, shiny and mucoid in appearance (Figure 5a ), whereas older biofilm was centrally elevated, large in size and show light source reflecting off the edge of a shiny layer of slime extending beyond the edges of the colony (Figure 5b ). The biofilms developed on polycarbonate discs were also observed using SEM. SEM images of biofilm on polycarbonate discs after sample fixation and dehydration indicated biofilm formation on the membrane surfaces with significant extracellular polymeric substance (EPS) production ( Figure 6 ).
DISCUSSION
The MIC has been used as a gold standard for the determination of antimicrobial susceptibility of planktonic organisms. It serves as an important reference in the treatment of many acute infections. 20, 21 An antibiotic is considered to be clinically irrelevant if it is found to be ineffective using the MIC assay. 22 Moreover, an organism that is Comparison of antibiotic susceptibility of bacteria S Singla et al sensitive in vitro may not be effective in vivo, [22] [23] [24] [25] [26] probably due to the presence of bacterial biofilms, especially in chronic or device-related infections. It has been revealed that in nature, more than 99% of all bacteria exist in biofilm mode. 27 Hence, clinicians fail to eradicate these cells as concentrations of antibiotics much higher than the MICs are required to eradicate bacteria in biofilms. In this study, an attempt was made to describe a system that may help in elucidating the effectiveness of different classes of antibiotics in the eradication of bacteria in biofilms. This was carried out by comparing the susceptibility of bacteria in different phases of growth, relevant to biofilm formation. Planktonic cultures at mid-log phase, adherent monolayers, mature biofilms and planktonic cultures at stationary phase were assessed for their susceptibility to different classes of antibiotics. The rationale was to compare the susceptibilities of biofilm-grown cells and planktonic cells of the same cell density. In this study, we found that MIC of planktonic cells at mid-log phase and adherent monolayer was similar. These results are consistent with those reported by Labthavikul et al., 28 who also found similar MIC and MBC values for organisms in this mode of growth. MBC of amikacin was found to be eight times higher and that of piperacillin 41024 mg ml À1 for adherent monolayers, which is well beyond the highest achievable serum concentration. This is in agreement with the results of other studies where significantly high MBC values for adherent form than the planktonic form of Staphylococcus aureus and Pseudomonas aeruginosa have been reported. 29, 11 This difference is likely to be due to the different kinetics of biofilm formation by S. epidermidis and P. aeruginosa.
When biofilm cells were compared with planktonic culture at midlog phase and adherent monolayer level, the MICs of amikacin and ciprofloxacin for biofilm cells were found to be two and four times higher than the log planktonic cells. On the contrary, the MIC of piperacillin (cell wall active) was significantly higher (eight times) than these two antibiotics. Similarly, the MBC of all the antibiotics was significantly higher for biofilm cells than planktonic cells at midlog phase. Adherent monolayers also showed similar trend as observed with log planktonic culture. Other researchers have also reported that MICs of b-lactam antibiotics for biofilm bacteria were much higher than the conventional MICs for P. aeruginosa and S. aureus planktonic forms. 7, 30 Abdi-Ali et al. 31 have found that b-lactam antibiotics showed hardly any bactericidal activity against the biofilm cells, whereas other antibiotics showed bactericidal activity, although at higher concentrations. One of the factors responsible for biofilm tolerance is the slow growth because of poor access to essential nutrients to the cells that are embedded deep within the matrix. A phenomenon known as phenotypic tolerance is widely recognized, in which bacteria deprived of an essential nutrient soon develop resistance to lysis by b-lactam antibiotics. 32, 33 In addition, the cells that are released from the biofilm are likely to be less active than planktonic cells at mid-log phase, probably because they have entered in a free-living mode more recently. These are more similar to cells at lag-phase of growth, and require a change in gene expression to adapt to the new environment. Cell wall active antibiotics, such as b-lactams, require rapid bacterial growth to kill cells because penicillin binding proteins are poorly expressed in slow-growing bacteria. Thus, piperacillin was found to be least effective for biofilm cells. There was also no significant difference in the MBC of all antibiotics for biofilms and planktonic cultures at stationary phase. This is consistent with the observation of Spoering and Lewis, 34 according to whom bacteria within biofilms are considered more close to stationary phase cultures, 35, 36 a factor believed to be responsible for the insusceptibility of biofilms to antibiotics. 37 The role of biofilm formation and development by bacteria has been suggested to be an important stage in the pathogenesis of numerous bacterial infections. [38] [39] [40] The establishment of biofilm by pathogenic bacteria on the tissues of susceptible hosts is believed to inhibit the effectiveness of antibiotic treatment, protect against host defense mechanisms and facilitate bacterial communication, leading to the expression of virulence determinants. 1 Biofilm age is also a decisive factor in determining the outcome of a therapeutic regimen. 41 Older biofilms are known to resist higher antibiotic concentrations than planktonic cells as well as younger biofilms. 42 Hence, in this study, the effect of ciprofloxacin and amikcin at the highest achievable serum concentration on preformed biofilms was checked. The results showed that amikacin was effective against younger biofilm (that is, upto 4-day-old biofilm) at 40 mg ml À1 , which is also the highest achievable serum concentration, whereas ciprofloxacin showed effectiveness for young biofilm at 6 mg ml À1 , which is more than the highest serum achievable concentration; that is, 4.5 mg ml À1 . Both antibiotics were ineffective against older biofilm (that is, fifth day onwards). This might be due to inaccessibility of bacteria to antibiotics as diffusion of ciprofloxacin through P. aeruginosa biofilm took considerably longer time (420 min) than its diffusion through the sterile surface (40 s). 43 The phenomenon of limited penetration of some antibiotics into biofilms is postulated to be due to the presence of EPS or 'matrix' . The latter functions as a chemical retardant to allow survival of bacteria in the presence of antibiotics. Different organisms produce differing amounts of EPS, and the amount of EPS increases with the age of the biofilm. 44 This study visually demonstrates the increased production of polysaccharide component of matrix in older biofilm compared with younger biofim using calcofluor white stain. This in turn might be responsible for increased resistance of older biofilm of K. pneumoniae to amikacin and ciprofloxacin as observed in this study. SEM analysis of colony biofilm revealed three-dimensional structure as well as EPS production, which could be helpful for analyzing the structure of biofilm.
This study gives more realistic information about the concentration of different antibiotics required to eradicate the biofilm cells of K. pneumoniae. Of the antibiotics tested, amikacin appeared to be most effective drug to treat young biofilm as inhibition of biofilm of K. pneumoniae was observed at the effective achievable concentration. The results of this study also suggest that early initiation of treatment with antibiotics of the bacteria in biofilm mode is essential as the biofilm grows older; there is increased production of extracellular polysaccharide making the older biofilms resistant to antibiotics. However, the data generated in this study is based on the observations made on a standard strain of K. pneumoniae. It is suggested that future studies should concentrate on wild-type isolates so as to have more meaningful data.
